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ABSTRACT g‘?lf ¢

This report describes the design, fabrication, and testing of an air
density meter based on the measurement of the backscatter of ultraviolet
light. It was determined that intermediate ultraviolet near .2 microns
was particularly useful for measurements of this kind. It was shown

that ambient atmospheric density measurements can be made at a
position 2 meters removed from the detection instruments during daylight
and avoiding aerodynamic disturbances caused by shock waves, boundary
layers, ionization, outgassing, gage aperture velocity vector and gage
chamber temperature. Ultimate use of the backscatter meter is

expected to be able to be extended from the tropopause (11 km) to 100 km

-3 12

or over a molecular number density range of 7.6 x 1018 cm “to7.7x 10
cm'3 as given by the 1959 ARDC Model Atmosphere (1). A flight test of

the instrument was accomplished to an altitude of approximately 10 km.

o
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1.0 INTRODUCTION

The measurement of air density from a high speed vehicle at altitudes
above the tropopause and to 100 km altitude is beceming increasingly
imporiant now that manned aircraft or spacecraft will be operating through
this reginn. Meteors produce light while falling from 100 to 50 km and
offer vivid proof of the critical thermal problem to be met in traversing
these altitudes. The adaptation of pressure or density measuring techniques
successful at low altitude and at low Mach numbers to high altitude and
high Mach numbers is greatly complicated by the interaction between the
vehicle and the atmosphere. Apertures and ducts leading to internal
nietering chambers introduce errors which vary with the attitude of the
vehicle in the air stream. The ultraviolet backscatter technique offers a
means of sampling air density at a distance away from the vehicle which
is sufficient t- avoid the aerodynamic disturbances caused by shock waves.
boundary layers. outgassing. ionization, and other aerodynamic effects.

all of which are shape and orientation dependent.

T'he baciscatter of light has been used to measure air density in the
stratosphere from ground based searchlight projectors in a number of
experiments. Hulburt (2) in 1937 succeéded in photographing a searchhght
beam to 28 km. and in 1955, Friedland. Katzenstein., Sherman and Zatzick (3)
used a 20 microsecond 50 megaiumen light pulse system to determine
densities to an altitude of 40 km. Many of the problems inherent in such
experiments are 1ac}‘:ihg if the light proiector and the receiver are mounted
on a vehicle moving tarough the atmosphere. The purpose of this project

was to develop an air density meter waich could be carried as a flight
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~1-




instrument by a missile or manned vehicle.

The success of previous searchlicht experiments offered conviderabie
encouragement to the present project. first. because useful backscatter
energy was obtained in spite of very large distances and secondly there

was evidence that the scatter from altitudes above the truepopause was
related to the molecular density and not appreciably distorted by varticulate
or Mie scattering. In other words. above the tropopause a predominantly

Rayleigh atmosphere exists.

A first 110k at scatter theory shows that electromagnetic radiations in the
visible and ultraviolet have much larger wavelengths than the radius of the
air molecules so that backscatter efficiency increases rapidly as wavelength
decreases. However, atmospheric absorution of the probing radiation
becomes increasingly important in the ultravioclet. Sources of radiation
also become more complex and optical systems more difficult to design

at the very short wavelengths.

The following relation expresses the backscatter intensity, I. from a unit
volume, at a distance, r, as a function of incident illumination in watts per
2 -
cm” Io‘ and the reflectivity of the atmosphere. 7.
I
(

180 ) - o U
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The refllectivity term , 1;. is a tunction of light wavelength and the
molecular number densitv. This means that in an instrument designed

to use a particular wavelength and with a known IO measuring the
reilectivity or 1(180") directly measures the number density as well.

To form some idea as to the feasibility of using such a technique at high
aliitude the following table has been computed. wi1ere r is the distance to

and d is the depth of the scatter volume.

o TABLE 1 -- Backscatter at . 2 Micross
S ¥ =1 91 03 catter at . 40 N G —
I(li - per vmt* cm “
Altitude Reflectivity
_ Kilometers ~ ewo-1 0 (r=10cm, d=lenm)ir=10mp . d=1m
11 4x 107 ¢ 4x 1072 x 10711
100+ gx 10713 8 x 107 1% gx 1017

If we assume the radiation detector used can respond to 13_12 watts. a
value 100 times the noise equivalent power of a good photontultiplier
tubbe. then we can estimate receiver areas and power of IO required to
ohtain reflectivity data at high altitude. In the searchlight experiments
very large receiving apertures were used along with light pulses of 13 to
100 kilowatts. For flight experiments one kilowatt in a fairly narrow
band is possible but receiving apertures must of course be limited. An

area of 100 cmz should be feasible, but an area of 1000 sz is not

realistic. The received scatter signal would then be:

o TABLE 2 -- Backscatier Power at . ’\/Iicrons
T S e S el X 5
Altitude P(ISJ") Watts tor A = 100 ecm” and P = 10 Watts
Kilometers  (r= 19 cm. d—lcm) ~ (r=10m, df l‘m)r -
11 4x107? 4x 1078
‘ -19 12
100 g&x 10 8 x 16~
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It would then appear that if a transmitter beam power of 1 kilowatt per
useful ultraviolet bandwidth can be achieved in vicinity of 6. 2y tlien
backscatter measurements can be made to 100 kilometers aititude at
distancez as great as 10 meters from the vehicle. These estimates of
course assume no background novise due to radiation from the atmospiere

in the wavelengths used. A survey of existing continuous light sources
indicates that obtaining 1 kilocwatt in the intermediate ultraviolet would reguire
quite a large unit, however. the use of pulsed or fiash tube svurces makes
such powers feasible. The pulse must be long enough to return a re.atively
large number of photons to aveid in-signal noise due to statistical fluctuation
in the number of electrons leaving the photocathode of the detecting

photomulitiplier.

Summarizing. we conclude that the Rayleigh backscatter technique of
measuring atmospheric number density as demonstrated by searchiight

experiments can be developed for use on high aititude vehicies.

FR123-427-2184
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2.0 SCATTER THEORY AND SOLAR BACKGROUND

The ultraviolet radiation scattered from the irradiated air volume under
observation is always very small as compared to tie total incident

radiation of the beam. It is evident. however, that the detecticn of

scattered solar radiation frem sources other than tie desired backscatter
volume. resuits in noise and in impairment of tie desired measurement.

It is therefore important to reduce such interference by selecting tiie optimum
wavelength band for the flight scatter experiment=. The fu..owing paragraphs

explore scatter theory and the likely solar radiation background.

2.1 Polarizability of Molecules

he ability of molecules tn respond to the presence of an electric fieid is
a measure of their pclarizability. This response is in the nature of the
formation of a particle electric moment. The magnitude of a particuiar
moment is a function of the nature of the electronic distribution of the

mulecule.

Any particular electron of a moiecule is influenced simultaneously by the
Coulomb forces between it and all the other electrons and alsc between

it and the positive cores of the atoms making up the molecule. The
inter-electron forces are répulsive in acticn. and the el'ectron— nuclear
forces attractive. An individual electron is therefore pushed away by its
electron neighbors and pulied in by the positive nuciear cores. These
actions are taking place. of course, while the eiectron and its neighibors
are moving around the nuclieus with velocities which are at times
comparable with the velocity of light. Accompanying the Coulomb forces.

we ' now that there are other forces. sc-cailed exchange or Pauli forces.

FR123-427-2184
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which act to prevent neighboring electrons irom behaving similarly in a
dynar: ical-wr:.

It is evident from the preceding considerations that when an electric
field is impressed on a molecule, the ultimate electric mon ent ucquired
is the end result of a rather complicated competitive effort. Any
theoretical evaluation requires the application of quantun mechanical
methods to calculate realistic values. However. on the basis of such
theoretical procedures. it is possible to formulaie " rule of thunb”
prescriptions which serve to provide fairly reliable values for the

simpler molecules.

Calculation of the polarizability by quantum nechanical methods requires
that the wave eguation for the molecule with the interaction of the electric
iield on all the electrons and the nucleus included in the expression for
the Hamiltonian be solved. In general this is not practicable in exact
form. Recourse has to be had to approximate methods. The most
common of these is the variational method. The latter is convenient
when the molecule is origirally in the ground state. The energy of the
system will then be a minimum for the correct wave function of the
syvstem. Thus, one can use an approximate wave function with a number
of adjustable parameters. varying the latter to minimize the energy, to
vet a good estimate of the proper electron distritwution function. That
part of the energv in the presernce of an electrical field, which varies

as the square of the electric field, serves to measure the degree of

polarizability of the system.

FR123-427-2184
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Dimensionally, the expression for the polarizability behaves as the cube
of a length. Following the procedures sketched in the preceding
paragraphs, one finds that the polarizability for a simple atomr will
behave as the square of the average of the square of the radial distances
of the electrons from the nucleus. and inversely, to a characteristic

length of the atom, the Bohr radius. (0.53 Angstroms).

Expressions for the polarizability of molecules are somewhat more
complicated, but the general structural relation is similar. An essential
modification consists of a correlation term between pairs of electrons.
In reality, such correlations cannot be evaluated without exact wave
functions. However. fairly good approximations can be made from

various combinations of atomic functions.

Where different electron groups act fairly independently of each other,
the polarizability will obviously be made of the sum of the individual

polarizabilities of the separate groups (bond polarizability sum rule).

An important result of such theoretical analyses is that one can see that
in the formation of molecules, there can be serious deviations of the
resultant polarizability from that which would coxﬁe'from the addition
of the polarizabilities of the separate atoms. Thus. we {ind that the
polarizability of the oxygen free radical is much less than the oxygen
molecule. A density probe which relies on backscattering (Rayleigh

scattering), from molecules and atoms, is thus also a composition

probe. The backscattered signal detected depends not only on the

FR123-427 -2184
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number of particles, but also the type.

By utilizing the frequency dependence of the polarizability, one can make
the backscatter signal provide information both on the density and
composition of the ambient gas. The number of independent observations
must, of course, be equal to the number of independent composition
variables. The actual polarizability data can be derived tieoreticaily,

and also from controlled experiments in the laboratory

The values of the polarizability of the constituents encountered in tii2
atmosphere are given in the following sunimary. Inciuded also, is the

value for nitrous oxide.

TABLE 3 -- Polarizability at 589 mu
Molecule 0! _
Ny 17.6 x 10722 cm3
0, 16.0 x 107 2°
o 1.5 x 1072°
N,O 30.0 x 10720

As can be seen, the molecular form of nitrogen oxide does not yield a
simple additive expression for the polarizability as a function of the
separate polarizabilities of the individual atoms or radicals. nor does

the polarizability of Oz equal twice that of atomic oxygen.

The values given in the above table do not show tire dependence on frequency.
The values shown are for a frequency far removed from characteristic
eigen frequencies of the electrons in these molecules. If the applied

FR123-427 -2184
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frequencies are close to such an eigen frequency, the behavior of the

polarizability will show the familiar dispersion behavior.
-1

—_—
|
—

where 2 is the polarizability. fi the oscillator strength. vy the eigen
frequency. and p the applied frequency. Ciearly polarizability increases

sharply near such frequencies.

2.2 Scatter Theory

Scatter of light by malecules of the atmosphere is given by the Rayvieich
g \ 1 3 3 &

equation (4) where Io is initial intensity and x the wavelength.

-1

1) = 1NV (2n) a7 %02 @) (14 cos? )

6) (3)

Intensity I (6) is observed at a distance r at angle # from a scattering
volume V containing N scatterers per unit voiume each of polarizability
.. This polarizability term is not well known in the ultraviclet and requires
some effort to determine. Polarizability of air can be obtained {rom the

index of refraction. n. and the number density N by the relation:

o= 3m2-1)(4-N)" s 2t (4)

While n increases with decrease of wavelength, values for n in the
intermediate or short ultraviolet does not appear to be _readily available.
Penndor{'s work on atmospheric scattering as tabulated in the Handbcok of
Geophysice (5) prevides a means for determining polarizability through the
relation:

K = 2.67r02m3 ) 4n.2 (5)

FR123-427-2184
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where K i the tntal scatter coefficient. When N.is 2.55 x 1019 molecules

cm . the number density for standard sea level, this e uation reduces to
o= (.733 %1078 (6)
Figure 1 -- Atmospheric Polarizability vs. Wavelength has been computed
from the atmoespheric scatter tablé (3). The dashed portion of the curve
between 200 mu and 185 mu is an estimate of the sharp increase in pular-
izability due to the observed resonance fluorescence of O2 at 154. 9 mu and
1.1 myu. It is therefcre clear that the intensity of scatter at any angle
6 increases as wavelenéih decreases both from t¢ .\_4 reiation and the

increase in .

Experiments to study scatter must éisr‘» censider the atmospheric absorption
coefficients. Of these coefficients. that of cxygen is the most important.
Figure 2 gives oxygen absorption data for the shorter wavelengths at alti-
tudes from 0 to 140 kilometers. T < absorption coefficient % of this table
refers to the radiation transmission equation

I-1, o X (7)
where X is layer thickness in meters and Io and I are incident and trans-
mitted intensities respectivelv. If we are cuncerned with total optical
path lengths in the vicinity of four meters, a scatter intensity accurate to
a few percent can be obtained by working with wavelengths where the absorp-
tion coefficient ¥ is between . 0l and . 00l. At sea level fhen the optimum
wavelengths woulid be between . 20z and . 244 while above ¢0 km a band

between .loy and .19y would be most useful.

A few simple calculations can new yield information as to tae actual

reflectivity of the atmosphere in the intermediate uitraviolet. If we

FRI123-427-2184
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consider backscatter where 6 is approximately 180 . equation (3) may be
rewritten as a backscatter relation:

_ "2 [e)
I(«lbo) = IOI‘ VT; (O)

where-

n = (21r)4 L2t ()

A N

Figure 3 shows the variation of n with altitude and for wavelengths 0. 20 ..
and 0. 24 4. The reflectivity at 0. 18 4 to 0. 19 4 will be considerably

greater due to oxygen resonance fluorescence but has not been determined.

2.3 Solar Background

The optical system receiving the desired scatter radiation in any test
conducted in the free atmosphere will also pass to the detector any other
radiation falling within the operating wavelength band pass provided only

that it arrives within the sensitive solid angle of tiie svstem.

Scatter experiments performed in daylight at various altitudes witiin the
atmosphere must therefore consider the initial spectral distribution of the
solar beam in space and its penetration through the atmospihere. Figure 4
sketches the spectiral energy of the sun outside earth’'s atmosphere.

Reference (6). Figure 5 gives the atmospheric penetration of this radiation
as sketched by Friedman (7). If we wish to avoid solar background it is

once again evident that scatter experiments must be performed at wavelengtis
shorter than about 0.24y . Not onlyv is solar irradiance quite low in these
wavelengths but the atmosphere itself absorbs much of the incident energy.
The wavelength band . 20, to . 24y can be shown to be suitable fcr altitudes

below 60 km and the band . 18., to . 19:; for altitudes above 60 km.

FR123-427-2184
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2.4 Mie Scattering
An ultraviolet densimeter will not be uzefui when overated within the

troposphere due to the widely varying density of particles with size

0

comparable te the wavelengths of the ultraviolet used or larger. In general
the total scattering coefficient from N spheres of radius R in unit volume
is

1

i

¥ = NoRZI(27RA™ D) (10)

. 2
and as stated by Conden (4) f (2-R A 1) approaches (22 R a 1) when particie

radii are about (2= )'1 of thewavelength. DBacxkscatter is a maximum with
this situation. For example particles with a 0. 0324 radius wbould have a
reflectivity of about 1()'11 per particle when illuminated by 0. 2y radiaticn.
This is about the reflectivity of the atmosphere at 85 km. sce Figure 3. To
judge the possibility of such density at very high altitudes. we note that
80-85 km is the altitude at which noctilucent clouds occur. These ciouds
are quite rare and appear to have particie densities in the vicinity of 10'2
em”S for radii arcund 0. 14, Ludlam (8): Witt (9) , so that even when
sperating a uitraviolet densimeter in a noctilncent cioud one could expect
the bacizscatter signal from the air moclecules to be 10 tc 100 times that
from the cloud particles. The other high atmospheric region which
accumulates dust would be the lower stratosphere in vicinity of 20 km.
According to Junge (10) the . 14 to 1y particle densities here may be in tie

10 -1 .
cm = but the atmospheric zcatier

order to 1 em™® or a reflectivity of 10~
at tiiis aititude is at least a factor of 200 times that from the dust. Cne can
conciude that above the tropopause Rayieigh or resonance =scaticring wiil

predominate over particulate scattering except on rare cccasions such

as caused by volcanic or nuclear explosions.

FR123-427-2184
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3.0 BACKSCATTER INSTRUMENTATION

The measurement of ultraviolet backseatter from a vehicle which is moving
throuch the atmosphere and surroundad by shock wave and boundarv lavers
requaires spocial considerations in the lesign of ite transmitter and roceiver,
The transmitter should have a relatively narrow beam so that the lluminated
volume may be preciscly located at any sclected distance. The receiver

should be optically focussed on the desired scatter volume and should usc
field stons to cut off radiation from other angles. The receiver must e
equipped with efficient optical band pass filters or detoctors so that response

to the intense portions of tho solar spectrum is practically zero.

A1 Ultraviolet Tronsmittors
Th= ultraviolet sources developed for the project i:orrowed larzely {rom
previous experience at Plasmadyne and from the work of Fischer (11,12},

Figure € sketches the three transmitter jeometries which were ctudied.

-

Type 1. the orifice spark transmitier, utilizes plate electrodes separated
by an insulating material and then drilled to locate a small spark oritice.
Type 2. the pointed electrode transmitt=r, is more conventional and uses a
reimaging mirror and lens. Type 5. the most efficient and highest powered

itters

14

unit developecd, is the parabolic reflector type. All of these transn

were built with gas tight seals and are pressurized with argon at &5 psiz.

Our first work considered observation of backsecatter from fairly short
distances, approximately 16 cm to 50 em. Because of the adventice to
such experiments if the probing beam is small and precisely located, the
orifice gpark transmitter, type 1. vas stadind. Its radiation source is very

FR123-427-2104
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smail and with a lens produces a well collimated beam. Two tec nijues w'ich
can confine a spark discharge to a (. 25 mm oriiice.and tius eiiminate
positional jitter, were studied. One technijue used a gas voriz: {low

between two closely spaced {lat electrodes exhausting th.rovel an axial
aperture ir :ue Of the electrodes. With this techrizve the vortex gas acts

as the insulator. Even at low gas flows the spark discharge occurs along

the low pressure axis of the vortex within the small orifice. The second

technigue employed two flat plate electrodes separais” bva thin wafer of

dieleciric material. .A 0. 25 mm diameter hole was drilled through one
electrode and the insulator. Withthe application of a sufficient voltage a
spark discharge will occur through the smali aperture. Rechargeable

nickel cadmium batteries, a simple 24 V DC tu 5 KV DC converter,

a pneumatic or rod operated microswiteh for on-off. and a low inductance
capaciter for spar% energy stecrage completed the initial «ltra. olet beam ‘
unit. Thebest »f the.e spark units vaed atungsten back olectr e, a
zirconium oxide dieiectric wafer and a molybdenum {ront electrde with

0 25 mm diameter discharge aperture. This unit.using discharges ¢f 0.03 u f
at 5 KV or a puise energy of 0. 38 watt second as a 23 minute iife when firing
at 5 pulses ver second. The vortex gas flow tyre has a much longer life

but was not studied etensively as it must use a recirculating pump. The
‘additional weight and power requirement seemed unrea'istic for sovuniing

rocket flights.

The study of spar!: radiation sources immediatelv involves radio
frequency noise nrobiems  Shiclding in the transmitlere ig accomplished

3 x

by using ferromagnetic encicsurer  The only upenings to the s/ wwoed

FR123-427 -2184



transmitter units are a connector at one ¢énd for battery voltage ciieck and
charge. an vpening for a pneumatic tube or lucite rod activating an internal
microswitch, and an opening {or the light beam at front of tie unit. RF
electromagnetic radiaticn from the sparii circuitry is thus reduced to very

low levels.

The beam cross section produced by these type 1 units at one meter was
examined by means of an RCA 1 P28 photomultiplier with an 0. 37 mm
aperture before the photo cathode. At one meter distance the width between
50% of peal intensity levels of a beam proeduced by a simple planc-conven
lens or doublet will be a function of both waveiength band widthy and the
distance {from lens tu source. Figure 7 shows measurcments using fused
cilica lenses of about 4 cm focal length. Ficure 7a -ketches the broad

beam resulting when the lenses are combined in a doubiet with an effective
focal tength ¢f 2. 4 em and without filtering. Ficures 7h and 7¢ show tae
imprevement due t) piacing a Corning Noo 9603 filter before the prnoto-
multiplier aperture and due to nsing a =singie ions at greater diztance {rom
source. Figure ¢ dispiays the band pass <f the No. 9803 fiiter. Figure 9

iz a sketeh <howing the shape of the (ransmitter UV puise as seen by
oscilluoscope.  The half intensity duratiom of the main pulse 10 001 3ps. The
ra@ati:m from this source approximates a 40. 000 K blacs body in spectral
distribution up to the vacuum ultraviolet. Figure 10 di=plays the distribution
of energy from a 40. 000 K blackbody down o Ol t8u - it is prebuabiel however,
that the sharp pea~ will show line structure depending on gas and electrode
materials in any actual svark swurce. Figure ] eketches the transmittance

of tused silica from two manufacivrers and indicates that t4is mateoria

FRi23-427-2i184
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mav be used with spark UV radiation source cavelensths as small as O, 180

A ~p cial RCA photonst iplicr. C Tle0 C wlth a Cu0 photouithode was usec
for the toeoting of source intensities in the inte rmediate ultraviolet. Figure 12
cives the response of this tube. The CuO bantpass would o almost ideal for

ihe instrumentation of this preject but considerably shorter optical paths

woult have Lo bo vee Leisce. unfortunatelr, the quantum eil.oicne of the

CuO surface is very low. At wavelrngihs below 0.20 . atmospheric
absorption hecomes important at sea level densitio=. Oxvagon absorpton is

particularly important having sbsorption coofficiont: per meter of 20,8 al
0,18y . .99 at 0194, 0.019% at 0,204 anc 0. 0078 e 0.21a. See equation (7).
Clearl, . the shortor wavelonths ip the response of the RCA C 7140 C cannot

he utilized over meter distances without reqdvcing the optical path-density.

Stnde of intermediaie ultraviolet radiation from vorious eloctrode materials
with arvon as the working sas was also accomplisbe G by use of the RCA

C 7180 C photomultiplivr. We had expeoted maiorials Like hafnlum carbide.
macnosinm and curopium to be the best omittore, Howevers, two tapgsten
electrodns with arcon proficed the most intonse radintion, Froiualy the
arcon becomes opague al the vicinity of its lines 0. 1634 to . 1Edu inview

of the spark pressurc and temperature, while the continuum in the near
ultraviotet does not quite reach black bodv conditions. It was zlso noted

trat the vltraviolet beam diameter at ball peak intensity jevel and one

meter distance was oniy 7.6 mm for the Lungston 4y on conud ation.

FR122-427-2104
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The second ultraviolet transmitier developed. tvpe 2. used two transverse
clecirodes with 4 rebnaging mirror and @ collinwting lens as shown 1
Figure 6b.. This design allows lichi pick-up over about 0. 8 steradian and
thus emits Cons'iderably larger pulse energy. The cvlindrical capacitor
used for energy storave was increased to U. 3 ut and the spark gap adjusted
to fire at 3000 volts for a pulse eneryy ol 3.7 watt seconds and duration of
one microsecond. The ultraviolet beam energy of tvpe = units is therefore
more than ten times that of the {vpe 1 orifice units. At the same “.ne the
life of the type 2 u=it is noach longer since elecirode wear is slow and the
limiting factor in any run is a slow clouding of the leas surface by finely
divided electrode material. Runs of over one hour at » pulses per second
have been achieved belore the necessity of cleaning the leus and readjusting
electrode spacing.  All of the flight backscatter data was ohtained with a
tvpe 2 unit. For flishts the lens-spark spacing was adjusted to give a
vinmum bean diameter at 2 meters. At waveleogths between U. 234 and

o~

C. 2o o the beam diameter al 2 meters 1s o e

Type 3. the third allraviolet transmitter developed. uses a polished alumirum
reflector with a parabolic figure as showr in Figure 6e¢. This deep parabola
collimates about R steradians ot the spark energy and its beam energy per
pulse when using 4 watt second discharyges is about tes times that of ithe

tvpe 7 rod electrode unit.  The inductance is a little higher so that pulse
duration is about 2 microseconds. Figure 13 is a photograph of the parai-olic
ultraviolet transmitter. The UV beam has a diameter of 8 cm at the exit
aperture and 12 ¢m at 10 meters. These dimensions are, of course. the

same for all wavelensthe., When used in backscatier insirumentatiov the

FRU1.3-
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parabolic transmitter must be located at a greater distance irom the
receiver due to the larger beam diameter. he tvpe 3. or parabolic
transmitter, is the most effective of those transmitters developed but

unfortunatelv it was developed too late in the program for flight tests.

All of the ultraviolet transmitters are equipped with n-eans for monitoring
the output pulse energv. The orifice spark and the rod electrode units
have a small post reflector just outside the collimating lens to send a
portion of the pulse to a phototransistor mounted at the side of the
transmitter. The parabolic reflector unit has an opening 1t the side of

the enclosing fused silica plate which leads to a phototransistor. Sufficient
scatter occurs within the plate to fill this side opering with radiation. In
each case a small {ilter disk of Corning 2863 is placed in the optical path
so that the phototransistor responds to the ultraviolet as shown in

Ficure 14. The monitored wavelengths therefore peak at around 0. 3% 3
while the scatter signal should be observed in wavelengths near 0. 2y .

To eliminate this mismatch a photoiransistor with a fused silica window
and 7 small intermediate ultraviolet band pass tilter are required. Neither

were available.

The high voltage power supplv ior all of the ultraviolet transmitters is
consiructed so that most of the uait plugs with & cvlindrical energy storage
capacitor. Figure 15 sketches the circuit emploved. The battery or
external power is {irst regulated by & Zener diode circuit and then used

to rusn a ringing choke DC-DC converier. Tthe spark unit works as a

relaxation oscillator with the firing rate determined by the spark gap

FR123-4%17- 7184
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adjustment and the power and voliave capability of the power supply.

3.z Ultraviolet Receivers

The essential components of the ultraviolet receiver are the radiation
collecting component and tire detector. Considering thie proposed uces

of the densimeter on rockets, missiles, or re-entry vehicles. and the
decision to use tue intermediate ultraviolet. only two materials appear
feazibic  fused zilica and sapphire. On cost considerations, fuse! silica
was celected and a double convex loens of 6.4 em diameter and 14 em focal
length at 0.2 micron is used as the receiver objective. The [ield stop at
the plane were radiation from the scatter volume 15 imaged may be an
aperture or it may be the actual sensitive surfzace of the ultraviolet
setector.

The pultiplior phototabe hos the highost quartim etficioney of anv
let‘z‘a\'io} ¢t detection devica for which we were able to ottain information,
also they charvacieoristicallv have mecacvele reeponse. The RCA 1P2-

is {vpical of thesa-tobes. The 1P28 uses a Ce-Sb photocathods, has a
15% or grcater quantum officiency in the UV and has an envelope of high
sil.ica class with a cood spectral responsc oxtending to 0.19 y . (13).
Coupled with an efficient and «olar blind band pase filter this taube would
be oxeellent for atmospheri backzcattor experimont.. Figure 16 gives

a3 Uonieal guantum efficieae corve,
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Figure 17 sketches the median ampiification of an electron ieaving the

photocathode of the 1P28 and moving through the dynode structure for
various supply voltages. These amplications are sufficient to give pulse
outputs varying from a few microamperes to a few milliamperes in the
scatter experiments. The output can vary over a range «{ Lff? without
damage when using a constant supply voltage. These conditions imply
that for the rocket backscatter experiment with its required range of 106.
one must either use a variable supply voltage or a constant supply voltage
with a variable entrance aperture. Considering reliability, a precisely
stepped supply voltage controlled by the output signal would be nossible
without resorting to mechanical devices. The variable apert. re would

offer a lower noise level within the photomultiplier but would require a

mechanical device.

A number of conventional solar blind photomultipliers were tested, but
while "'solar blind" their quantum efficiency was sc low in tiie intermediate

ultraviolet that use in backscatter instrumentation was not feasibie.

Photomultiplier tubes under more recent development were then
investigated. Of these RCA's CT70127 using a cesium telluride photocathode
was selected. The quantum efficiencies of these tubes varies with the
individual unit and Figure 18 sketches the anproximate efficiencies of

the tube inuse. It is not quite "solar biind” in the low atmospaere due

to response at 0.3 ¢ . The photomultiplier uses 12 dynodes which are

FR123-427 -2184
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relatively insensitive gince for a supply voltage of 1500 volts, the dynode
gain is 130,000. The C70127 is quite small as shown in Fiure 19. For
densimeter operation the CsTe CT0127 was potted witih RTV silicone
rubber inside a stainless steel cvlinder. The divider and load resistors
with pulse smoothing capacitors were soldered directly to the flexible
leads and potted in epoxy resin as a step toward easing vibration loads

on the photomultiplier.

3.3 VUliraviolet Band Pass Filters

The necessity of obtaining high quantum efficiency detection of intermediate
ultraviolet photons in the presence of sunlight poses a difficult problem.
One solution is to find a spectrally selective photodetector and use
additional filtering to shape the desired band pass. The cther is to use

a reliable and rugged tube with very wide spectral resvonse such as the
1P28 and do the entire band pass shaping by filter. We were unable to
locate a filter of this type. Interference filters solutions, films on quartz.
etc. . were studied and in some cases tested but without success. Finally,
a gas cell filter using about 6 cm STP of chlorine between fused silica
windows was constructed. Figure 20 gives the transmission on tnis cell.
The 0.4 to 0.5 transmission between 0. 22 u and 0. 254 and sharp

cutoff between 0. 27 u and 0 29  makes this ar excellent filter for use

with the cesium telluride photomultiplier, see Figure 18. .The filter
transmission in the blue is not significant as the cesium telluride tube

does not respond at these wavelengths. Tests of this combination in
sunlight show little solar noise unless pointed directly at the sun.

Apparently filtering out all solar photons is extremely difficult. Referring

FR123-427-2184
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to Figure 5, atmospheric penetration of solar radiation. a densimeter
using a CsTe photomultiplier and chlorine filter should be effective to
35 or 40 kilometers,altitude. For higher altitudes the band pass should

be shifted toward shorter wavelengths.

3.4 Signal Amplifying Circuits

A number of amplifier techniques can be used with the pulsed ultraviolet
densimeter. The best solution depends on how the cutput signal is to be
displayed and for what purpose the data is intended. For example, if the
data is to be viewed on a meter dial. as an indication of density a circuit
dividing the smoothed output of the scatter amplifiers by a smoothed
signal proportional to the cutput ultraviolet enerygy would be satisfactory.
The time constants and the pulsing rate can be selected to match the
specified rate of altitude change. On the other hand for an experimental
nrogram where the effects of solar background and reactions between the
densimeter and the vehicle are partially uninown it is better to amplify
and record each pulse separately. The data circuits developed in tae

project are of this experimental type.

In our units the photomultiplier acts as a first stage in the detection
portion of the amplifier. Figure 21 gives the entire photomultiplier
circuit from a 16. 4 v regulated input power {see Figure 22) to an emitter
follower transitor delivering the input pulse signal to pulse amplifying
and stretching amplifiers. he regulated line power first goes through a

second regulator with a zener reference diode which acts as the final

control over the high voltage applied to the photomultiplier (RCA's C70127).
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A ringing choke DC to DC converter is used to step 6.7 volts at the zener to
1350 voits over the photomultiplier. Magnetic shield cans are used to
separate the DC-DC converter {from the rest of the circuit, so that its
vilocycle ring is not picked up by the photomultiplier circuit. The micro-
second scatter pulse entering the phototube is then linear!y amplified and

appears across the 1200 ohm load resistor terminating this portion of the

data circuit.

The voitage pulse at the photomultiplier load resistor is transmitted by
capacitor to three amplifiers as sketched in Figure 23. The gains of

hese circuits are adjusted so that if the high sensitivity channel gain is
Am then the medium sensitivity channel gain is Am" 10 and the low
sensitivity channel is Am/IOO. All three amplifiers begin with tuned
emitter transistor stages. The high sensitivity channel has tiiree
transistors, the medium gain two and the low gain amplifier one. The
tuning was done to give maximum response to pulses of about one
microsecond duration or in other words to pass the scatter pulse. The
fregquency of occurrance of noise pulses of sufficient amplitude to affect
these circuits is much greater at low input signal levels than it is at

high. This difficulty was met by using a more sharply tuned band pass

in the high gain circuit. After passing the tuned emitters the signal passes
through slower and slower transistors until finally charging a 5 gf capacitor
tarough a dicde. he capacitor voltage is then related to the amplitude

of the scatter pulse initiating the amulifying nrovess. Tie capacitor

signal voltage is connected by a high impedance circuit of two transistoers

to a 10, 000 ohny load resistm‘_. These load resistors have the final output

FR123-427 -2134
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signal and may be observed by any compatable recording or telemetering

device.

Study of the circuit diagrams will show that each 5 4f signal capacitor is
connected to the negative lead through a silicon controlled rectiticr of

very high resistance so that the time constant for eacn capacitor discharge
is large. The silicon controlled rectifier is triggered into conduction by
pulses from a timing circuit shown in Figure 24. As we discussed in

the section on ultraviclet transmitters. tixe outuut pulse must be

monitored to take care of amplitude jitter, and slow changes due to
electrode erosion. A phototransistor with a Corning 9863 filter is used

as shown in Figure 25. The phototransistor pulse caused by a very

small porticn of the output beam is amplified and used to charge a

capacitor for an output signal just as in the other tnree output circuits
dealing with scattered radiation. However, this phototransistor signal

in addition starts a é()x}\'entioxxa.l one-snhot multivibratur in cenjunction

with a uni-junction transistor. At 100 milliseconds after tie phototransistor
pulse the timing circuit generates a pulse which triggers all feur <ilicon
controlled rectifiers into conduction and thus all charged signal capacitors
are discharged and remain in this state until the next pulse is received.
Figure 26 gives flightdata as reccrded on 21 January 1963 at about 1140 pst.
Looking first at the 800 meter recording . we see that the low gain scatter data
is at the top. The 100 millisecond pulses with their slowly tapering tops are
displayed as they occur during 5 scconds from left to right with pulsing at
the rate of a little more than 5 per second. Just below are pulses showing

the ultraviolet transmitter output puise, then the cutput of tae high gaip

FR123-427-2184
-24-




and finallv the medium gain channel. The medium and high channels are
overloaded with a maximum signal while the low gain channel occasionally
overloads at the edge of the recorder film. The ampiitude titter of the
ultraviolet source is very evident and. of course. demonstrates the need for
monitoring its intensity. The capacitor charging type am _“fier is not
quite linear as is shown by Figure 27. The S shaped response is generally
characteristic. This variation fnust be considered in reducing the

experimental data.

3.5 Iackscatter Geometry

The ultraviolet densimeter receiver and transmitter can be located to

give an intersection volume in a number of way:. Figure 28. backscatter
gecmetry, assumes that the transmitter and receiver beams are of

about U e same cross section and are coni_-mated te a few degrees. Because
the scattered radiation returned to tie receiver varies witi tiie reciprocal
sf distance squafed the bhulk of the puise energy returned is from tae
scatter volume between first intersection of tiie beam and tue distance

xa where the axial lines of the beams intersect. It is clear that if the
receiver and transmitter are close together the scatter volume ‘s a
maximum. but the distance to the individual scatterers varies widely. If
the two units can be separated so that their beams form a 90" ang'e t.e
scatter volume is closeiy iocated. but its volume is a minimum. Ailsc
referring to equation (3) of section 2. 2. the actual scatter intensity per

. . . . . 2
unit volume is decreased by a factar of 2 because of the (1+ cos™ ) term.

+

When mounted on any given veulcie. the ceometry selected will nave to

depend on the application.
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4.0 FLIGHT TESTS

The vehicle planned to carry the develuped ultraviolet densimeters varied
during the course of the project. Originaily the assigned vehicle was

an Aerobee Hi rocket, but due to work load difficulties this flight was

postponed. The second vehicie selected was the F-104 aircraft. The

altitude possibie is much less than witli the rocket. but problems of flight
qualification and daytime operation can be solved more easily when
repetitive flights are possible. The F-104 flights have allowed

demonstration of the feasibility of this tyvpe densimeter.

4.1 Proposed Aerobee Flights

The. proposed installation of an ultraviolet denzimeter in the first straigat
housing section after the nosecone of an Aerobee Hi Rocret is sketched in
Figure 29. The receiver is adjustable so that the scatter volume can be
centered either at 1 meter ¢cr 1 5 meters from the housing skin., By
these adjustments the scatter volume can be iocated in tie ambient
atmosphere outside shocrwaves both with a nose probe and with a normal
nose. Figure 30 sketches actual shape of the ultraviolet densimeter as

it was tu be mounted in the Aercbee and shiuws the essential interral

components. The battery paciis were built up using Yardney Siiverceis

in separate magnetic shield cans for receiver and transmitter. Figures 31

and 32 give an expanded component view and a front view of the ultraviolet
transmitter. The tubing sections are O-ring seaied at tie end caps and
the rear housing. The tubes are charged with ory nitrogen at 35 psig.

oy

The top expanded component line in Figure 31 shows the location of
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fused silica transmitting lens. spark UV scurce, co-axial capaciter. DC-
DC converter. along with magnetic shield cans and hwousing. The lower
expanced line shows the batteries and their holder. An orn-off cwitching
solenoid is visible between the two component lines. The switch was to be
turned on as the rocket flight began. Figures 33 and 34 shirw an oxpanded
view and front view of the ultraviolet receiver. The large receiving lens
is followed by a glare stop and field stop and in this photcgrap' tie light
passes through an interference filter to a EMI 6256 BN photomultipiier
carried within an aluminum can which ic at photocathode potential. The
pulse expanding amplifier is clustered around the photomuitiplier. Tue
receiver unit iz switched on and off by a sclencid which closes a double
pole micro-switch lccated in the battery-tube. The cumplete uitraviolet
densimeter rack mounted much as it would be in a recket is shown in
Figures 35 and 36. Figure 37 is a photograph of the densimeter as set

up for outside daylight tests at Santa Ana.

4.2 F-104 Flights

Flight test of the ultraviolet densimeter was not accompiish:ed in the
Aercbee and instead it was decided to.test in F-104 aircraft based at the
NASA Flight Research Center. Edwards California. Environmental tests
for aircraft flight conditions were then conducted. Altitude tests posed

no problems ars (he units were pre-surized with: dry nitrcgen so that external
pressure changes weie not important. Shake tests quickly showed that

the microswitches planned for use in turning the batter 2ower on and off
for the Aerobee flight chattered under aircraft operating conditions.

Also, the rechargable battery system with: Yardney Silvercels was not
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practical under a testing program. One cannot =top to charoe sutiories
evers 15 or 20 minutes. It was therefore decided to use external vatterny
packs for both transmitter and receiver. This chanze also climingted

the mirroswitches.  Additional noise problems were. of course. evitaole
with the batteries outside the macnetie shield cans. Howevoer, line {ilters
were constructed which solved this problem.  Fiqure 33 gives an
oscilloscope photograph showing the various channel outputs with tho
receiver leas covered after the moditicotions vope ac-omplishec. Only
the high gain channel shows an RF spark pulse pick-up and this iz uite

Y

small compared to the scatter signals to he measured,

Temperature environment tests quickly showed that the amplifier outputs
were temperature sensitive even after elimination of some of the difficulty
by use ot thermistors. Tt was decided to use thermostat controlled heater

blankets to meet this probleni.

Fivure 39 is a photocraph of the uliraviolet donsimoter with heater lankets
installed and mounted on a rack for installation within the F- 104 nose. The
rectangular Hox at the side of the fransmiticr tine houses the phototransistor
and its amplifier.  Figure 40 shows the dongimets o mounted within the

nose. ann Ficure 41 s an oxteraal photsorapi clearly showing the transmitior

and recciver lenses,

The most successful flicht of this eadipment wos qehicved near Q00n on
21 January 1063 wher Jats to 10 kilometers altitade © as achieved., Fiure 42

gives a plot of the reducoa date. This dats vas redueed point £ point
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averaging the output for five pulses for a resolvin,, time of one second and
comparca (o radiosoide data takea au approximatol. Coo samo time. Due

4

to Inck of calibration for the densimetor Uie rodu tion comndions wore

Justed so that the radiosonde dnta wr” UV densimetor data voere essentially

erual at the 8.7 km maximum altitide where the Ravleish sceatieriag »ould
predominate. he two curves show close asrecment down 0 + kilometers.
Below this altitude Mie scattering bocomes increasingly importaint. The

atrmass envolved was of fairly recort polay maritume oviqin ih a

;H\

temperature of - C at 10 kilometers and  as vory cleasn at this slistuan,
i R

It is Lideresting to note the incveasced scat'or bolow 4 kilometors oven undoer

-3

these conditions-. At %. 7 kilometors and o densit of 435 ke ™Y the low

gain channel was still operating. This means thet o similar =imnal would
: _ ) -3

1 gain channel at a deasit~ ot 20135 kom ¥ or at 3% km in

the ARDC standard atmosphers.  The zignal would 5o mors noisy dae o

the reduction in numier of scalter photons but Uiis offect could e

compensated tor by using « longerresolvia., time or by lncreasing palsn

repetition rate.

The successful flight csed a chlorine cas filter and 2 cesium telluride
photomuitiplier which represent the hegt solar Llnd cealtsr detection
combination achioved to ihis aals. Howover. shovile arter the flivht
data presented hera wus taken the chloring Al cell oo, leakin -,
atlowing solar photons to regel the photocathode and impairine e
remainder of the date. Sines Janwar 10600 (o OIvet Bys e slowed
by ditfieult - in ootnining enlorine Glior eolls wiich romain sedled unde
fiight conditivns.

FR123-127-21.°
5

RV




5.0 CONCLUSIONS

Investigative study and flight tests indicate ti:at tiie ultraviolet densimeter
based on Rayleigh scatter can determine the densitv of the ambient atmospliere
surrounding a high speed vehicle. These density measurements can be
performed at distances up to several meters from the vehicle even in daylight.
Calculations show that if efficient ultraviolet banidpass fiiter and shotodetector
combinations were available this density measurement couid he made from

the tropopause, the beginning of the Rayleigh scatter atmospirere. to about

100 kilometers altitude, the limit of the homogeneous atmospi.ere.
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LOW GAIN SCATTER

GUTPUT ULTRAVIOLET

HIGH GAIN SCATTER

-3 o
e

MEDIUM GAIN SCATTER :
. LRI A TR A PR N EE el il Pﬁﬁ‘ﬁ;

ALTITUDE 800 METERS  _
AIR DENSITY 1.175 Kgm

LOW GAIN SCATTER ——___TL: e ! PO LT E A
- )
CUTPUT ULTRAVIOLET "_—_:i_‘_ SRS AR AR DTS S
-————\ -\‘~s~~~~~.5~1s~~\- R S L Y
HIGH GAIN SCATTER
) ’ -.——JL——— ----- R EEE.S T oo LI A T
MEDIUM GAIN SCATTER A
_..__—-—L-— ——————————— PN I A A Ll o

ALTITUDE 9700 METERS _
AIR DENSITY .450 Kg m

FIGURE 26 - FLIGHT DATA - F-104 FLIGHT
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LENS MAGNETIC SHIELD
COAXIAL CAPACITOR
DC-DC CONVERTER

SPARK
UV SOURCE

BATTERIES

MAGNETIC SHIELDS SOLENOID

FIGURE 31 - COMPONENTS TYPE 2 UV TRANSMITTER




GLARE STOP
FIELD STOP

MAGNETIC SHIELD
ELECTRO STATIC SHIELD

s

LENS INTERFERENCE EMI6256BN

FILTER SOLENOID

FIGURE 33 - COMPONENTS UV RECEIVER
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FIGURE 34 - FRONT UV RECEIVER




FIGURE 35 - SIDE VIEW OF UV DENSIMETER
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FIGURE 37 - UV DENSIMETER IN OUTSIDE DAYLIGHT TEST




0.050 V /div. LOW GAIN

5 V /div. UV PULSE

0.050 V /div. MEDIUM GAIN

5V /div. UV PULSE

0.050 V /div. HIGH GAIN

5V /div. UV PULSE
TIME 0.2 sec/div.

FIGURE 38 - COVERED RECEIVER LENS SIGNAL OUTPUT
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FIGURE 41 - EXTERNAL VIEW F- 104 NOSE
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